When a young growing eye wears a negative or positive spectacle lens, the eye compensates for the imposed defocus by accelerating or slowing its elongation rate so that the eye becomes emmetropic with the lens in place. Such spectacle lens compensation has been shown in chicks, tree-shrews, marmosets and rhesus monkeys. We have developed a model of emmetropisation using the guinea pig in order to establish a rapid and easy mammalian model. Guinea pigs were raised with a +4D, +2D, 0D (plano), À2D or À4D lens worn in front of one eye for 10 days or a +4D on one eye and a 0D on the fellow eye for 5 days or no lens on either eye (littermate controls). Refractive error and ocular distances were measured at the end of these periods. The difference in refractive error between the eyes was linearly related to the lens-power worn. A significant compensatory response to a +4D lens occurred after only 5 days and near full compensation occurred after 10 days when the effective imposed refractive error was between 0D and 8D of hyperopia. Eyes wearing plano lenses were slightly more myopic than their fellow eyes (À1.7D) but showed no difference in ocular length. Relative to the plano group, plus and minus lenses induced relative hyperopic or myopic differences between the two eyes, inhibited or accelerated their ocular growth, and expanded or decreased the relative thickness of the choroid, respectively. In individual animals, the difference between the eyes in vitreous chamber depth and choroid thickness reached ±100 and ±40 lm, respectively, and was significantly correlated with the induced refractive differences.
Introduction
If defocus is imposed on a growing eye by a spectacle lens, the rate of ocular elongation and emmetropisation is modified, so that the eye eventually becomes emmetropic with the lens in place. When hyperopic defocus is imposed with a negative lens, the eye elongates more rapidly and becomes relatively myopic (when measured without the lens in place). Conversely, when myopic defocus is imposed with a positive lens, the eye decreases its rate of ocular elongation and becomes hyperopic relative to untreated eyes ( Fig. 1) . This phenomenon is known as spectacle lens compensation. Compensation to both plus and minus spectacle lenses was first shown in the chick (Schaeffel, Glasser, & Howland, 1988) ; and subsequently in the tree shrew (Siegwart & Norton, 1993) ; rhesus monkey (Hung, Crawford, & Smith, 1995; ) and marmoset (Graham & Judge, 1999) . Preliminary reports suggest that the guinea pig also compensates for spectacle lenses (McFadden, Howlett, & Mertz, 2004; McFadden & Wallman, 1995) .
The chick eye compensates to an extraordinary range of lens powers from À10D to +15D (Irving, Sivak, & Callender, 1992) while other species studied compensate to a comparably smaller range, particularly for plus lenses (macaque: À3D to +3D, Hung et al., 1995; Smith, Hung, & Harwerth, 1999 ; marmosets: À8D to <+4D, Graham & Judge, 1999 ; tree shrew: À10D to +4D, Metlapally & McBrien, 2008) . The magnitude of the ocular change within these ranges is well matched to compensate for the effective power of the imposed defocus.
In the chick eye, the initial compensatory response to plus or minus lenses involves a rapid thickening or thinning of the choroid, respectively, which repositions the photoreceptor plane to partially compensate for the imposed defocus . During +15D lens-wear the choroid can thicken 2.6-fold, expanding as much as 300 lm eral days, the choroidal response dissipates, and is substituted by a slower compensatory change in ocular length. In other species studied, bidirectional changes in the thickness of the choroid have also been found to precede ocular length changes, but they are significantly smaller in magnitude. In macaque monkeys wearing a plus lens on one eye and a minus lens over the other eye, the maximum difference in the thickness of the choroid was 40-50 lm, equivalent to only 0.5D of the refractive error disparity (12D) and accounted for less than 15% of the compensatory anisometropia (Hung, Wallman, & Smith, 2000) . In the tree shrew, the choroid thins by 15 lm after five days of À5D lens-wear (Gentle & McBrien, 1999) , accounting for 0.7D, or 11% of the refractive error difference between the lens-wearing and fellow eye. Choroidal thickening associated with eyes recovering from myopic defocus arising from previous form deprivation is also much larger in chicks (+400 lm, Wallman et al., 1995) compared to tree shrews (+10 lm, Gentle & McBrien, 1999) , marmosets (+50 lm, Troilo, Nickla, & Wildsoet, 2000) , macaques (+23lm, Hung et al., 2000; Qiao-Grider, Hung, Kee, Ramamirtham, & Smith, 2004) or guinea pigs (+18 lm, Howlett & McFadden, 2006) .
Given the difference between the avian, mammalian and primate choroids, a difference in the magnitude of the choroidal response might be expected. In particular, most of the choroidal volume of the chick consists of a dilated lymphatic system, presumably due to fluid accumulation when the eye experiences myopic defocus (De Stefano & Mugnaini, 1997) . In contrast, the lymphatic capillaries of the primate occupy a much smaller proportion of the choroid (Hung et al., 2000) . In the current study, we sought to determine the magnitude of the response of the guinea pig eye to low powered spectacle lenses, and to determine the nature of the choroidal response. The guinea pig retina, like the avian retina is also avascular.
It is reported here, that spectacle lenses altered the ocular development and choroidal thickness of the guinea pig eye in a manner dependent upon both the sign and the magnitude of the imposed lens power. Some of this work has been previously presented in abstract form .
Methods

Animals and housing
Fifty-six guinea pigs (Cavia porcellus, pigmented, tricoloured) were reared and housed with their mothers and littermates as previously described (Howlett & McFadden, 2007; . In brief, animals were housed in opaque hard plastic boxes (65 Â 45 Â 20 cm) with wire mesh lids which allowed unrestricted vision to the room ceiling with the exception of a small opaque section (38 Â 18 cm) located at the rear of each lid. The lighting was provided by ceiling fluorescent lights with a 12/12 hour day/ night cycle. All procedures were approved by the University of Newcastle under Australian legislative requirements and were in accordance with NIH Guidelines.
Procedures
Guinea pigs were raised from 2 to 3 days of age with a +4D (n = 8), +2D (n = 6), 0D (n = 11) (plano), À2D (n = 6), or À4D (n = 12) lens worn on one eye for 10 days (Experiment 1, monocular lens-wear) or with a +4D on the left eye and 0D on the right eye for 5 days (n = 7, Experiment 2, binocular lens-wear) or no lens on either eye (age-matched controls, n = 6). The age that lenses were worn was during the most rapid period of emmetropisation (Howlett & McFadden, 2007) . Refractive error and axial parameters were measured in both eyes after the lens-wear period (at 12-13 days of age in Exp. 1 and the age-matched controls, and at 7 days of age in Exp. 2). Additionally, in thirty guinea pigs in Experiment 1 (n = 6 for each lens group) the refractive error of both eyes was also measured immediately prior to lens-wear.
Lenses and their application
Concave lenses made of polymethylmethacrylate (diameter, 12mm; optic zone, 10.5-11.5mm; back optic radii, 8mm) were worn in front of the eye with the distance from the cornea to the lens apex being approximately 5mm. The effective power (F e ) of the +4D, +2D, À2D and À4D lenses at the cornea was +4.08, +2.02, À1.98 and À3.92D, respectively (approximated as F e = F/ (1 À d Ã F) where F is the nominal lens power in D, and d is the distance of the lens from the corneal vertex in m). For convenience, lens power is referred to in terms of the nominal rather than the effective power of the lenses. Lenses were attached using Velcro Ò , two arcs of which were glued above and below the eye ( Fig. 2A) while the animal was briefly anaesthetised with halothane (induction: 5%, maintenance: 1-2%, oxygen flow rate: 1 L/min). The following day, lenses attached to a ring backed with Velcro, were attached onto the matching arcs (Fig. 2B ). Lenses were worn continuously except when they were removed for cleaning which took up to 2 min, 3 times/day. During cleaning animals were placed in the dark. Soft tape was applied to the back foot ipsilateral to the lens-wearing eye to reduce damage to the lens from scratching.
Refractive error
Refractive error was measured by streak retinoscopy in hand-held, awake, cyclopleged animals as previously described (Howlett & McFadden, 2007; . Cycloplegia was induced with 2-3 drops of 1% cyclopentolate hydrochloride (Cyclogyl TM , Alcon). Refractive errors are presented as the mean refractive error in the horizontal and vertical meridians (see Fig 1 in Howlett & McFadden, 2006) . Refractive error data was not corrected for any possible artefact of retinoscopy, which is relatively small in the guinea pig (i.e. 0.73D at 12 days, 0.69D at 30 days of age, Howlett & McFadden, 2007) .
Ocular dimensions
The dimensions of the eye on the optic axis were measured using ultrasound (20 MHz) in anaesthetised guinea pigs (1-2% Hal- othane in oxygen). Animals were positioned in a stereotaxic device to aid accurate alignment of the non-contact ultrasound transducer with the optic axis (see Fig. 2 in . The transducer was coupled to the cornea via a water-filled standoff and ultrasound transmission gel (Parker Aquasonic 100). These methods and peak selection were as previously described . Peak selection and the velocity of sound in the guinea pig lens (1.774 mm/ls) were specifically calibrated (see Howlett & McFadden, 2006) . Peaks were selected for the front of the cornea, the front and back of the crystalline lens, the vitreal-retinal, retinal-choridal and choridal-scleral interfaces, and the back of the sclera (see Fig. 1 in Howlett & McFadden, 2006; . The axial distance from the anterior corneal surface to the back of the retina was defined as the ''axial length'' and to the back of the sclera as the ''ocular length''. The ''anterior segment depth'' was the distance from the anterior corneal surface to the anterior lens surface. The ''vitreous chamber depth'' was the distance from the back of the lens to the vitreal-retinal boundary. In order to compute changes in the eye independent of changes in the anterior segment (AS), the axial and ocular lengths were also calculated without the AS.
Data analysis and presentation
The results are presented as means ± standard error of the mean. Difference measures refer to the difference between the lens-wearing and fellow eye (Exp. 1), or between the À4D lenswearing eye and the plano treated eye (Exp. 2) or between the two eyes in the age-matched control group. Change measures refer to the change before and after lens-wear. Statistical analysis used independent or paired sample t-tests, and ANOVA with planned comparisons as appropriate. Statistical analysis was carried out using SPSS for windows V10, except for the data shown in Fig. 7 where Sigma Plot V9 was used to undertake fitting and regression analysis.
Results
Experiment 1: Monocular lens-wear
Refractive error
Eyes wearing a lens typically became more myopic than their respective untreated fellow eyes, with the 0D, À2D and À4D lens groups developing significant amounts of relative myopia ( Table  1) . The refractive error difference between the treated and fellow eyes was dependent upon the power of the lens worn. The degree that the refractive error of the lens-wearing eyes differed from their untreated fellow eyes was linearly related to the power of the lens worn (Fig. 3A ). Significant linear relationships were present when the refractive error difference for the +4D, +2D and 0D groups (r 2 = 0.21, p < 0.05), and the À4D, À2D and 0D groups (r 2 = 0.51, p < 0.001) were analysed separately, indicating ocular sensitivity to the magnitude of defocus within each of the plus and minus lens ranges. Compared to the 0D lens group, the +4D group had less relative myopia and the À2D and À4D groups had more relative myopia (ANOVA, p < 0.001, see Fig. 3B for contrast analysis results). The refractive error of the fellow eyes did not differ from that of the age-matched animals (average of left and right eye) except in the À4D group, whose fellow eyes were more hyperopic than that of the untreated age-matched animals (ANOVA p < 0.05, dunnett t two-sided, p < 0.01, Table 1 ).
Difference in ocular elongation
Eyes wearing À4D lenses had significantly longer axial and ocular lengths than did their fellow eyes. Wearing plus lenses resulted in eyes with slightly shorter axial and ocular lengths than that in Table 1 The refractive error and axial components (longer than 1 mm, see Table 2 for posterior tunics) of guinea pig eyes after lens wear. Means ± standard errors are shown for both eyes. Animals either worn a lens over one eye (Exp) and the fellow eye was untreated (Fellow) or a +4D over one eye (+4D) and a 0D lens over the other eye (0D). Data for the right (R) and left (L) eyes of untreated age-matched litter mates (Age matched) is also shown. Axial length (no AS) and Ocular length (no AS) indicate that the anterior segment depth was not used when calculating these values. Symbols signify significance of paired one-tailed t-tests. their untreated fellow eye (Table 1 ). The À4D group difference was greater than that which occurred in the 0D group (contrast analysis, p < 0.05). The axial length of the untreated fellow eyes in the five lens groups did not differ significantly to that found in the age-matched guinea pigs (Table 1) . A clearer picture of systematic posterior length changes emerged when the anterior segment depth was excluded from the axial and ocular length measurements. Eyes wearing +4D or À4D lenses had significantly shorter, or longer, axial and ocular lengths (calculated without the AS) than their fellow eyes with a similar, though lesser, trend occurring in the +2D and À2D lens groups. In contrast, there was no such difference in the animals wearing plano lenses (Table 1 ). The differences in axial or ocular length (calculated without the AS) between the lens-wearing and untreated fellow eyes was linearly related to the power of the lens worn (r 2 = 0.53, p < 0.001 and r 2 = 0.45, p < 0.001, respectively) and differed significantly between the five lens groups (ANOVA p < 0.001 in both cases). The differences between the eyes in axial and ocular length (calculated without the AS) for the +4D and À4D lens-wearing animals, were greater than that in the 0D group (see Fig. 3C and D for contrast analysis).
Changes in the vitreous chamber, anterior segment and crystalline lens
The lens-induced changes were primarily due to differences in the depth of the vitreous chamber which was sensitive to both the sign and magnitude of the lens worn. The difference in the vitreous chamber depth between the lens-wearing and fellow eye was significantly different in the five lens groups (ANOVA p < 0.001). Eyes that wore plus lenses had shorter vitreous chambers and eyes wearing minus lenses had longer vitreous chambers than did their untreated fellow eyes (Table 1) . The extent that the vitreous chamber depth of the treated eye differed from that of its untreated fellow eye was dependent upon the power of the lens worn (linear regressions: all groups, r 2 = 0.42, p < 0.001; +4D, +2D
and 0D groups r 2 = 0.21, p < 0.05; À4D, À2D and 0D groups, r 2 = 0.16, p < 0.05). Furthermore, the degree that the vitreous chamber depth was reduced in the +4D group or increased in the À4D group, relative to their untreated fellow eyes, was greater than that in the animals wearing a plano lens (see Fig. 4A for contrast analysis results). Variability was present in the average depth of the anterior segment, but it did not differ significantly between the lens-wearing and fellow eye in any lens group (Table 1 ). The amount that the anterior segment depth differed between the lens-wearing and fellow eye in individual animals bore no relationship with the power of the lens worn.
Typically, the thickness of the crystalline lens of lens-wearing and fellow eyes were similar, except in the case of the À4D group where the treated eyes had significantly thicker crystalline lenses than did their untreated fellow eyes (Table 1) .
Finally, the vitreous chamber depth, anterior segment depth, and crystalline lens thickness of the untreated fellow eyes and of the age-matched control animals did not differ significantly (ANO-VA p = 0.62, p = 0.55 and p = 0.93, respectively). 3.1.4. Changes in the thickness of the choroid, retina and sclera Compared to the fellow eye, the choroid was thicker in eyes wearing plus lenses (+4D, p < 0.05; +2D, p < 0.001) and showed a tendency to thin in eyes wearing minus lenses (Table 2 , Fig 4B) . Retinal and scleral thickness did not differ significantly between treated and fellow eyes for any lens group (Table 2 ). The thickness of the choroid and sclera in the untreated fellow eyes and in the age-matched animals did not differ significantly (ANOVA p = 0.448 and p = 0.755, respectively) whereas retinal thickness was variable between these groups (ANOVA p < 0.05). However, the retinal thickness of the untreated fellow eyes of any lens group did not differ significantly from that of the age-matched control animals (dunnett t two-sided p > 0.1 in each case).
Relationship of refractive error to ocular distances
When defocus was imposed on the eye of the guinea pig, the degree that the refractive error changed in relation to its fellow eye was related to the amount the vitreous chamber depth and choroidal thickness differed between the two eyes. Guinea pigs that had longer vitreous chambers after lens-wear were also more myopic in that eye, while those animals with shorter vitreous chambers showed much smaller myopic differences between the lens-wearing and untreated fellow eyes (Fig. 5A ). The opposite relationship occurred when refractive error differences were compared to choroidal thickness differences. Lens-wearing eyes with the most and least myopia had the thinnest and thickest choroids, respectively, relative to their untreated fellow eyes (Fig. 5B) .
Similar relationships occurred when the refractive differences between the eyes were compared with the corresponding differences in ocular length (r 2 = 0.177, p < 0.005), ocular length without the anterior segment depth (r 2 = 0.348, p < 0.001), axial length (r 2 = 0.258, p < 0.001) and axial length without the anterior segment depth (r 2 = 0.458, p < 0.001).
Experiment 2: Binocular lens-wear
When a +4D lens was worn over one eye and a 0D lens over the other, the eye wearing the plus lens became significantly more hyperopic than the plano lens-wearing eye after only 5 days (Table  1 , difference of 2.5D, Fig. 6A-insert) . Eyes wearing +4D lenses had significantly shorter vitreous chamber depths and developed thicker choroids than their fellow eyes wearing 0D lenses (Tables 1 and  2 , Fig. 6B and C). There were no significant differences between the two eyes in the depth of the anterior segment or crystalline lens, and in the thickness of the retina or sclera (Fig. 6B ).
Discussion
Short periods of lens-wear were sufficient to alter the ocular development of the guinea pig in a manner that was dependent 
Table 2
The axial thickness of the retina, choroid and sclera after lens wear. Group labels are as described in Table 1 . R + C + S refers to the summed thickness of the retina, choroid and sclera. Symbols signify significance of paired one-tailed t-tests. upon both the sign and magnitude of the lens worn. Wearing minus powered lenses resulted in eyes that were relatively myopic with longer vitreous chambers than their fellow eyes, whereas the opposite was true when a plus powered lens was worn. The magnitude of these changes was dependent on the magnitude and sign of the lens power worn. Similarly, animals wearing a +4D lens on one eye and a plano eye on the other, were less myopic, had smaller vitreous chamber depths and thicker choroids in the +4D lenswearing eye.
Refractive error
Similar to results previously found for the chick (Irving et al., 1992) , tree shrew (Siegwart & Norton, 1993) , marmoset (Graham & Judge, 1999; Whatham & Judge, 2001 ) and macaque (Hung et al., 1995) , changes to the refractive error of the young guinea pig eye was dependent upon power of the lens worn (Fig. 3A) . However, for the guinea pig, even though a graded response to lens power was evident, eyes wearing plus powered lenses did not develop absolute hyperopia, but rather developed slight myopia relative to their untreated fellow eyes even though the vitreous chamber of the treated eyes were shorter than that of their fellow eyes (see Table 1 , Fig 3A and B, Fig 4A) . Lens-wear per se seems to be mildly myopiagenic for the guinea pig, as evidenced by the development of 1.7D of relative myopia in the 0D lens group, and as outlined in the following section appears to originate from the cornea. This 'offset' in refractive error obscures our evidence that the guinea pig eye is able to detect the sign of defocus.
As there was no change in axial elongation in the plano group, we subtracted the refractive error difference of the 0D group from that of the other lens groups to obtain the refractive differences between treated and fellow eyes without the offset. When the myopic offset of lens-wear was taken into account (i.e. dashed line in Fig. 3B ) wearing a plus lens caused relative hyperopia, whereas myopia developed when a minus lens was worn. The hyperopic refractive error of eyes wearing +4D lenses, compared to the myopic refractive error of the fellow eyes wearing a 0D lens, clearly shows this sign dependent effect. If this interpretation is correct then the refractive development of young guinea pigs is sensitive to both the sign and magnitude of lenses within the range of powers used here.
Source of the myopic offset
In the guinea pig eye, plano lens-wear resulted in a À1.7D of myopia. A similar phenomenon was also found when albino guinea pigs wore lenses, developing a myopic offset of À4D after 30 days of treatment irrespective of lens power (AVRO abstract: McFadden & Wallman, 1995) . It may be thought that the myopic offset arose from a mild degree of form deprivation due to the lenses not being perfectly clean, as the young were feeding from their mothers during lens-wear. However, the lenses were cleaned three times a day, and chicks respond appropriately to positive lenses, even when a diffuser is worn in front of the lens (Park, Winawer, & Wallman, 2003) . Furthermore, form deprivation induces axial elongation and an increase in the vitreous chamber depth in guinea pigs (Howlett & McFadden, 2006 ), which we did not find in the plano group.
In the current study, we found that the changes in the vitreous chamber and choroid were truly bidirectional. However, the anterior chamber was found to generally change by small amounts in a variable manner. Increasing the anterior chamber depth will create a myopic shift in the absence of any other changes. It is possible that these anterior segment changes were a secondary consequence of more consequential changes in corneal or anterior lens curvature changes. Certainly, an indiscriminate increase in corneal power from any type of lens-wear could have created the myopic offset. In a subset of the animals wearing either a plano lens (n = 5) or a À4D lens (n = 6) on one eye, we measured the corneal power using a custom made infrared flat keratometer using identical procedures to that previously described (see Fig 2 in Howlett & McFadden, 2006; Howlett & McFadden, 2007) . The corneal power of eyes wearing lenses increased in every animal and was on average 1.9D greater than that in the untreated fellow eyes (treated eyes, 103.02 ± 0.48D, fellow eyes, 101.03 ± 0.47D, p < 0.001). In a preliminary report, we have also found that a mild increase in corneal power is associated with all lens-wear, regardless of the lenspower (ARVO abstract: McFadden, Gulliver, Leotta, & Howlett, 2008) . Furthermore, when guinea pigs were raised using the same procedures as here, but with a diffuser in place of the lens to induce form deprivation, changes in corneal power occurred (Howlett & McFadden, 2006) . After 6 days of form deprivation, 1.87D of the myopia that developed was attributable to the corneal power differences between the deprived and fellow eye, which increased to 2.7D after 11 days of form deprivation. Whether such corneal changes are an active or a passive consequence of lenswear remains to be determined.
A particularly perplexing issue that arises from the myopic offset relates to the apparent lack of axial response to its presence. For example, eyes wearing plano lenses developed a degree of relative myopia compared to their untreated fellow eyes but did not display any compensatory axial changes. In addition, while eyes wearing plus lenses had smaller axial and vitreous chamber lengths than their untreated fellow eyes they still developed a modest degree of relative myopia suggesting that their reduced axial elonga- tion was insufficient to compensate for the combined myopic defocus from the imposed lens and the cornea.
The reason for the apparent lack of axial compensation to the myopic defocus originating from the cornea is as yet unknown.
One possibility is that the development of relative corneal myopia occurs quite late in the treatment period and as such any compensatory axial changes that have occurred at the time of measurement are too small to discern.
Lens-wear affects posterior ocular elongation
Elongation of the guinea pig eye was modified by visual input. Plus lenses caused the guinea pig eye to become shorter than its fellow eye, whereas the opposite was true with minus lenses. However, the effects of lens-wear on the axial and ocular lengths were masked by small unsystematic interocular differences in the anterior segment depth (Table 1) . It is likely that these variable changes in the front of the eye relate to the overlying myopic offset. When the treatment-independent variance of the anterior segment was removed from the axial and ocular lengths, the bidirectional effect of lens-wear was particularly clear (Fig. 3C and D) .
The guinea pig schematic eye model (Howlett & McFadden, 2007) was used to calculate the expected refractive changes from the observed changes in axial length. Good agreement was found to the observed refractive error differences (excluding the myopic offset), with the absolute mean differences between observed and predicted refractive error for all groups being 0.67 ± 0.22D.
The vitreous chamber depth was the predominate axial feature altered by the visually mediated changes to ocular length. After subtracting the myopic offset from the refractive error differences, the vitreous chamber depth was the main contributing factor to refractive state. The induced changes to the vitreous chamber depth were dependent upon lens-power (Fig. 4A) . Plus lenses or minus lenses caused the vitreous chamber to become longer, or shorter, than that of an untreated eye, respectively. The stronger powered lenses (À4D and +4D) both caused bigger differences between the vitreous chamber lengths of treated and fellow eyes, while the weaker powered lenses (À2D and 2D) caused the least. Thus, in the guinea pig eye, the depth of the vitreous chamber is sensitive to both the sign and magnitude of the imposed lens. As has been found in other species (chick, Wildsoet & Wallman, 1995; tree shrew, Gentle & McBrien, 1999; marmoset, Graham & Judge, 1999; Whatham & Judge, 2001; macaque, Smith & Hung, 1999) refractive error differences were linearly related to the interocular differences in the vitreous chamber length between the two eyes (Fig. 5A) . . Mean differences between eyes when a +4D lens was worn over one eye and a 0D lens over the other eye for 5 days. (A) axial length (axial), axial length calculated without the anterior segment depth (Axial-AS), ocular length (ocular), and ocular length calculated without anterior segment depth (Ocular-AS), (A, insert), refractive error, (B) depth of the anterior segment (AS), thickness of the crystalline lens (lens), and depth of the vitreous chamber, and (C) thickness of the retina, thickness of the choroid, thickness of the sclera, and the summed thickness of the retina, choroid and sclera (R+C+S). Asterisks signify significance of paired one-tailed t-tests, * p < 0.05, ** and *** p < 0.001. Fig. 7 . The refractive error change that occured during the ten days of monocular lens-wear (not including the myopic offset present at day 12 where applicable), plotted as a function of the effective refractive error. The effective refractive error is the product of the animal's refractive error, present at the times the lenses were fitted, and the effective power of the defocus lens at the cornea. For the untreated fellow eyes, the effective refractive error is simply the refractive error that was present in the eye at the start of treatment. The solid line represents the sigmoidal function fitted to the lens-wearing eye data only.
Changes in the thickness of the choroid
Choroidal thickness was linearly related to the induced refractive changes, since guinea pigs that developed myopia had thinner choroids in the lens-wearing eye, while those that developed relative hyperopic differences, had thicker choroids (Fig. 5B ). In the animals wearing a +4D lens on one eye and a plano on the other, the choroid was thicker in the eye wearing the +4D lens in every animal. Thus, as occurs in the chick and primates (Hung et al., 2000; Troilo et al., 2000) , the choroid thickness in the guinea pig eye can be modulated by the eyes refractive state.
The changes in choroidal thickness were up to ± 40 lm in individual guinea pigs (Fig. 5B) which is similar to the largest change reported to occur when macaques wear lenses (40-50 lm, Hung et al., 2000) , but is far less than that reported for the chick (300 + lm, . However, as the guinea pig eye is far smaller than the macaque eye (e.g. 13.7 mm at 14 day of age, Bradley, Fernandes, Lynn, Tigges, & Boothe, 1999) , the proportion of the guinea pigs' refractive error change accounted for by the changes to the choroidal thickness was larger. Using the binocular group as an example where the myopic offset of lens-wear was controlled for, schematic eye modelling of the guinea pig (Howlett & McFadden, 2007) indicates that the increased thickness to the choroid (17 lm) of the eyes wearing the +4D lenses accounts for 0.67D, or 25%, of the total refractive error difference between the two eyes. This is 10% more than that found for the macaque, when a plus lens is worn on one eye and a minus on the other (Hung et al., 2000) , but less than half of what has been found in the chick ($60%, . Alternatively, using only the data from the guinea pig whose choroids thinned when wearing minus powered lenses, the thinner choroids (14.5 lm) account for 0.54D of the relative myopia (À4.75D), which is 11% of the measured refractive error change, or 18% of the refractive error change once the myopic offset of the corneal changes have been accounted for. Thus, the proportion of the guinea pigs axially mediated refractive error change accounted for by the thinner choroids, when negative lenses were worn, is similar to that of the tree shrew (11%, calculated using the tree shrew schematic eye (Norton & McBrien, 1992 ) and a 15 lm difference assuming no change in retinal thickness (Gentle & McBrien, 1999) ), and about half that found in the chick eye (30%, .
Do plus lenses create myopic defocus?
While ocular development in the guinea pig eye seems sensitive to both the sign and power of imposed lenses it is not clear whether the plus lens effect reflected compensation for myopic defocus. Imposing myopia may have simply corrected the hyperopia naturally present at the age when the lenses are fitted (e.g. see Norton & Siegwart, 1995) , thus any reduced vitreous chamber and axial length elongation and relative hyperopia that ensues is because the eye is responding to a lack of hyperopic defocus rather than compensating for imposed myopic defocus. For the guinea pig, when the effective refractive error (i.e. the natural refractive error of the animal present when the lens was fitted, plus the effective power of the lens at the cornea of the eye) is compared to the change in refractive error that occurred over the lens-wearing period (excluding the myopic offset), the response to lens-wear appears unidirectional (Fig. 7) . This implies that the changes seen in eyes wearing plus lenses results from the lenses correcting the naturally present refractive error thus there was less 'diving force' for ocular elongation in the treated eye than in its fellow eye. However, it also should be noted that only three animals shown in Fig. 7 actually received myopic defocus. Hence, before any firm conclusions can be made regarding the guinea pig response to lens-induced myopic defocus, a more deliberate attempt to systematically impose myopic defocus is required. Guinea pigs certainly recover from myopic defocus that is induced through form deprivation (Howlett & McFadden, 2006; Zhou et al., 2007) . However, it is yet to be established as to whether this is a visually mediated process in the guinea pig, and we have preliminary evidence that it can occur in darkness (ICER abstract: McFadden, Hawkins, & Howlett, 2004) suggesting that iso-emmetropising factors may be involved.
It is interesting to note that plus lens-wearing animals developed effective myopic refractive errors (i.e. the refractive error after lens-wear plus the effective power of the fitted lens) over the treatment period even though the lenses reduced the naturally present hyperopic refractive error at the start of the experiment. The eyes were unable to stop the progression from low hyperopia into myopia despite a considerable reduction in axial elongation. This may be akin to what is seen in human studies where full (e.g. see Saw, Gazzard, Au Eong, & Tan, 2002 or Ong, Grice, Held, Thorn, & Gwiazda, 1999 , or over (Goss, 1984) , correction of refractive errors appears to be unable to stop myopic progression.
Degree of spectacle lens compensation
The relatively short periods of lens-wear used in this study effectively altered the refractive development of the guinea pig eye. When the refractive error difference between lens-wearing and their untreated fellow eyes was adjusted for the myopic offset of lenswear, the gains in the +4D, +2D, À2D and À4D groups were 0.29, 0.30, 1.23 and 0.77 of each lens-power, respectively, an average of 30% for plus lenses and 100% for minus lenses, the latter being similar to the chick, which compensates for 97% of the lens-power after 10 days of lens-wear (Irving et al., 1992) . In monkeys, longer periods of lens-wear are required to induce a similar compensatory response (macaque: 0.76 after 10-23 weeks, Smith & Hung, 1999, marmoset: 0.82 after 5-9 weeks, Whatham & Judge, 2001) .
Because the guinea pigs were hyperopic at the start of the treatment, the effective refractive errors ranged from À2D of myopic defocus to +10D of hyperopic defocus (Fig. 7) . Within this range, compensation in individual lens-wearing eyes was approximately linear between 0D and 8D of hyperopic defocus, and amounted to 63% of what would be required for full compensation. Over these short periods, the non-lens-wearing eyes only partially emmetropised, compensating for 67% of their starting refractive errors. If 67% compensation is considered the baseline for the developmental period used here, then the gain for lens-wearing eyes with hyperopic effective refractive errors was 94%.
Conclusion
Lens-wear altered the ocular development in the guinea pig in a sign and magnitude dependent fashion. Plano lenses caused a slight myopic shift. Superimposed on this baseline, +4D to À4D lenses caused the eye to compensate for the additional imposed defocus by changing its rate of ocular elongation, so that both the depth of the vitreous chamber and the choroid thickness were visually regulated in a bidirectional manner.
Although eyes responded differentially to plus and minus lenses, the plus lenses generally corrected the hyperopia present in these young animals. The +4D to À4D lens powers tested in this study, induced from 2D of myopic defocus to 10D of effective hyperopic defocus, respectively. The guinea pig eye was found to effectively compensate for between 0 and 8D of hyperopic defocus, beyond which compensation was reduced. The graded response to the effective refractive error range was similar to that found in the monkey, although it occurred much more rapidly. A significant compensatory response to a +4D lens occurred after only 5 days and near full compensation occurred after 10 days when the effective imposed refractive error was between 0D and 8D of hyperopia.
